BACKGROUND/OBJECTIVES: It is unclear whether the amount of sodium consumed and the degree of saltiness of food is associated with obesity. We examined the association between sodium intake and obesity using the concept of sodium density. SUBJECTS/METHODS: This study included 5025 children (7-18 years) and 20 586 adults (X19 years) who participated in the Korean National Health and Nutrition Examination Survey(KNHANES), [2007][2008][2009][2010]. We defined sodium density(mg/g) as the ratio of daily dietary sodium intake (mg/day) and daily food weight consumed (g/day). We examined the association between sodium density and obesity, and abdominal obesity in children and adults. RESULTS: The overall prevalences of obesity and abdominal obesity were 31.4 and 24.5%, respectively, in adults and 4.5 and 6.5%, respectively, in children. The multivariate-adjusted odds ratio (OR) for obesity in adults with the highest quintile of sodium density compared with the lowest quintile was 1.18 (95% confidence interval (CI), 1.04-1.35), and a significant dose-response association (P for trend ¼ 0.002) was observed. The OR for abdominal obesity in adults with the highest quintile of sodium density was not statistically significant after adjusting for confounding factors, but showed a significant dose-response association (P for trend ¼ 0.043). In children, OR values for obesity and abdominal obesity in the highest quintile of sodium density were 1.78 (95% CI, 1.13-2.80) and 2.13 (95% CI, 1.16-3.91), respectively, and both showed significant dose-response associations (P for trend o0.001). CONCLUSIONS: Our results indicate that high sodium intake may be a potential risk factor for weight gain independent of calorie intake.
INTRODUCTION
High sodium intake is associated with hypertension. Reducing sodium intake can decrease blood pressure, and is the main strategy for preventing cardiovascular disease and stroke. Obesity is also closely related with cardiovascular disease, including hypertension and type 2 diabetes. It has been postulated that increased dietary sodium intake is associated with greater energy consumption, and that this might be one of the reasons for the association between obesity and high blood pressure. 1 A recent cohort study 2 demonstrated that high dietary sodium intake is a risk factor for new onset type 2 diabetes, and the hazard ratio for diabetes for the highest versus combined lower quartiles of 24-h-urinary sodium excretion was about two-fold higher. The authors suggested that high sodium intake might increase the risk for type 2 diabetes partly through weight gain.
Nevertheless, few studies have demonstrated that high sodium intake is associated with obesity or abdominal obesity. [3] [4] [5] [6] Several cross-sectional [3] [4] [5] and one longitudinal studies 6 showed that higher sodium intake is related to higher body mass index (BMI). Some studies 3, 4 have suggested that this association could be explained by higher energy intake or greater consumption of energy-dense foods in obese subjects as compared with normal weight subjects. 7 This hypothesis was supported by an epidemiological study that showed a high correlation between calorie and sodium intake. Elison et al. 5 suggested that heavier people ingest more sodium and that this may result not from increased food intake per se, but from the increased saltiness of the diet. Therefore, whether sodium intake is an independent risk factor for obesity regardless of calorie consumption is unknown. Thus, we adopted the concept of 'sodium density (mg/g)' to measure the degree of saltiness, which we defined as the ratio of daily dietary sodium intake (mg/day) and daily food weight consumed (g/day). We investigated the association between increased sodium and obesity and abdominal obesity in children and adults using sodium density, and determined whether this association was independent of increased energy intake.
MATERIALS AND METHODS

Study population
This study was based on data from the Korean National Health and Nutrition Examination Survey (KNHANES) 2007-2010, which consisted of a health interview, behavioural and nutritional surveys and a medical examination. KNHANES is a nationwide survey using a stratified multistage probability sampling design. The response rate was 81.9% for KNHANES 2007-2009 and 78.4% for KNHANES 2010. Additional details regarding study design and methods are reported elsewhere. 8, 9 In total, 30 468 subjects agedX7 years, among those who participated in KNHANES 2007-2010, were included. We excluded individuals whose waist circumference was not measured (n ¼ 1902), BMI could not be calculated (n ¼ 1850), whose daily sodium intake was unknown (n ¼ 3578) and those on a weight-reducing diet (n ¼ 14). The final samples for the analyses comprised 25 611 subjects agedX7 years.
Anthropometric measurements
Height was measured to the nearest 0.1 cm on a SECA stadiometer (Seca GmbH & Co. KG, Hamburg, Germany), with the participants standing barefoot. Body weight was measured to the nearest 0.1 kg on a scale (GL-6000-20, CAS Co., Seoul, Korea), whereas the participants wore a lightweight gown or underwear. BMI was calculated as measured weight (in kg) divided by measured height (in metres) squared. Waist circumference was used to assess abdominal obesity, and was measured to the nearest 0.1 cm at the narrowest point between the lowest rib and the uppermost lateral border of the right iliac crest. We defined obesity in adults as a BMI X25 kg/m 2 , and abdominal obesity in adults as a waist circumference X90 cm for men or X85 cm for women using guidelines from the Korea Society for the Study of Obesity. 10 Obesity in children 11 was defined by a BMI X95th percentile for age and sex or X25 kg/m 2 , and abdominal obesity as a waist circumference X90th percentile for age and sex. 11 
Nutritional survey
Daily energy and nutrient consumption was assessed by 24-h-recall from a nutritional survey conducted by a trained nutritionist. Face-to-face interview was conducted at surveyed person's home, and with a standard set of measuring guides to help the respondent report the volume and dimensions of the food items consumed. More detailed information about the nutritional survey design and methods are described in the official report of the Korea Centre for Disease Control. 8 We used the concept of sodium density to reflect how much salty food was eaten regardless of daily energy intake. Sodium density (mg/g) was defined as the ratio of daily dietary sodium intake (mg/day) to weight of daily food consumed (g/day). Sodium density was then divided into quintiles to analyse the associations with obesity and abdominal obesity. Energy density (Kcal/g) was defined as the ratio of total energy intake (Kcal/day) to weight of daily food consumed (g/day).
Confounding variables
The Health Interview and Behaviour Surveys included demographic, socioeconomic and lifestyle factors of the participants. Demographic and socioeconomic data, including age, sex, education level and household income were collected by a trained interviewer using a direct interview. Health behaviour, including duration of sleep, smoking habits, alcohol consumption and physical activity were selfreported. Smoking status was divided into three categories: current smoker, ex-smoker and never smoker. We assessed alcohol consumption by questioning the participants about their drinking behaviour during the month before the interview. The participants were asked about their average alcohol drinking frequency (days/month) and amount (in ml) of alcohol consumed on a typical occasion or during a typical day. The average amount and number of beverages consumed was converted into the amount of pure alcohol (in grams) consumed per day. 9 Total weekly metabolic equivalent of task energy expenditure was calculated using the reported minutes per week of walking, moderate and vigorous activity, and a metabolic equivalent of task energy expenditure estimate was assigned to each activity category. 12 Self-reported duration of sleep was categorised as p5 h, 6, 7, 8 and X9 h. Education was categorised as elementary school graduate or less, middle school graduate, high school graduate, college graduate and university graduate or higher. Household monthly income was categorised into 
Statistical analysis
All data were analysed using the STATA version 11 (Stata Corp., College Station, TX, USA) statistical package. We followed the analytical guidelines for KNHANES data proposed by the Korea Centre for Disease Control, and considered survey weights to extrapolate the findings to the entire Korean population. 13 Data are expressed as means and s.e. or percent and differences between measurements. Groups were analysed with the use of survey means, survey linear regression analysis or Pearson w 2 test for survey design.
A survey logistic regression analysis was performed to identify the associations between the quintiles of daily sodium density with obesity and abdominal obesity. Model I adjusted for age (continuous), sex, sleep duration, smoking status, daily alcohol intake, total weekly physical activity, education level and total daily energy intake in adults, and adjusted for age (continuous), sex, household income, total weekly physical activity and total daily energy intake in children was constructed. In model 2, energy density was adjusted instead of energy intake in Model I. A P-valueo0.05 was considered statistically significant.
RESULTS
The study participants consisted of 8245 men and 12 341 women (age X19 years old), and 2642 boys and 2383 girls (age 7-18 years old) ( Table 1 ). The overall prevalences of obesity and abdominal obesity were 31.4 and 24.5% in adults, and 4.5 and 6.5% in children. Men had a significantly higher BMI (24.1±0.05 versus 23.2±0.04 kg/m 2 , Po0.05), waist circumference (84.4±0.3 versus 78.1 ± 0.2 cm, Po0.05), total energy intake (2320.6 ± 14.2 versu 1631.7 ± 8.3 Kcal/day) and daily sodium intake (6000.5 ± 47.4 versus 4136.6±33.0 mg/day) compared to women. In children, total energy intake (2128.4 ± 23.2 versus 1705.6 ± 19.2 Kcal/day) and daily sodium intake (4276.9 ± 58.5 versus 3426.3 ± 54.2 mg/ day) were higher in boys than in girls.
Anthropometric characteristics across the quintiles of daily sodium density are shown in Figures 1 and 2 . BMI and waist circumference increased significantly across the quintiles of daily sodium density in adults and children.
Total energy intake and daily sodium intake showed a highly positive correlation in adults (r ¼ 0.58; Po0.001) and children (r ¼ 0.62; Po0.001). Correlation coefficients between energy density and sodium density were high in both adult (r ¼ 0.32; Po0.001) and children (r ¼ 0.42; Po0.001). But, There were slight negative correlations between total energy intake and sodium density in both adult (r ¼ À 0.09) and children (r ¼ À 0.04). Tables 2 and 3 show the odds ratios (OR) for obesity and abdominal obesity according to the quintiles of daily sodium density in adults and children, respectively. In model I, the multivariate-adjusted OR for obesity in adults with the highest quintile of sodium density compared with the lowest quintile was 1.18 (95% confidence interval (CI), 1.04-1.35) and a significant doseresponse association (P for trend ¼ 0.002) was observed. The OR for abdominal obesity in adults with the highest quintile of sodium density was not statistically significant after adjusting for confounding factors, but showed a significant dose-response association (P for trend ¼ 0.043). In children, OR values for obesity and abdominal obesity in the highest quintile of sodium density were 1.78 (95% CI, 1.13-2.80) and 2.13 (95% CI, 1.16-3.91), respectively, and both showed significant dose-response associations (P for trend o0.001). Model 2 showed similar results to model 1, except a marginal significance in association between adult's abdominal obesity and sodium density (P for trend ¼ 0.086).
DISCUSSION
The main result of the present study was that high sodium density was significantly associated with obesity in both children and adults. In addition, obesity and abdominal obesity showed positive dose-response associations with sodium density. These results suggest that the degree of saltiness is associated with obesity and central obesity regardless of calorie intake.
Several studies [3] [4] [5] [6] 14 have shown a significant association between sodium intake and body weight. One cross-sectional study 4 with 18-20-year-old Swedish men showed that dietary sodium intake, measured by 24-h-urinary sodium excretion, was significantly associated with increased BMI. A longitudinal study by Libuda et al. 6 reported that baseline urinary sodium was positively associated with BMI and percent body fat in 3-18-yearold children. Hoffmann et al. 3 reported that BMI increased significantly across quartiles of 24-h-urinary sodium in 766 free-living adults; however, he explained that high salt intake in the obese group may have resulted from increased food consumption. Specifically, overeating associated with obesity may have been responsible for the increased salt consumption. In our study, however, dietary sodium density was associated with obesity and abdominal obesity independent of daily energy intake.
A positive dose-response association between sodium density and abdominal obesity was prominent in children and adolescents in the present study. Children with the highest quintile of dietary sodium density had a 2.3-times higher OR for abdominal obesity. Although adults did not show a significantly increased OR for abdominal obesity in the highest quintile of sodium density, a significant dose-response association was observed. We deduced that sodium density is associated with abdominal obesity more prominently in children. Several studies have examined the association between sodium intake and waist circumference directly. An effect of sodium intake on waist circumference was identified in some studies 3, 14 with respect to the association between sodium intake and metabolic syndrome. These studies 3, 14 showed that high sodium intake is strongly related to an increased waist circumference. However, these data were collected from adults only, and there were no data on childhood abdominal obesity. Our results are the first data describing this issue in childhood abdominal obesity.
The reason for the association between high sodium intake and the risk of obesity and abdominal obesity is unclear. A greater intake of high-energy salty food in obese individuals has been postulated as one of the putative mechanisms for the association between obesity and high sodium intake. Some studies have shown that the association between sodium intake and obesity is Sodium density and obesity YS Yoon and SW Oh mediated by energy intake. In other words, the higher the sodium intake, the more the energy consumed. However, Hulthen et al. 4 showed that energy intake does not differ between the highest and lowest quartiles of sodium excretion, although sodium excretion is positively correlated with BMI. These data agree with our result that the inclusion of total energy intake in the multivariate adjusted model did not change the observed potential effect of sodium density on body weight status. In our study, subjects in the highest quintile of sodium density were older and consumed less energy (data not shown). Thus, we adjusted for age and energy consumption in the multivariate analysis model, but arrived at the same conclusions. We could not identify significant interactions between sodium density and these variables. Therefore, our conclusion is that eating more salty food is an important risk factor independent of total energy intake.
The total salt intake in our study population was assessed to be 6000.5 g/day in men, 4123.6 g/day in women, 4276.9 g/day in boys and 3426.3 g/day in girls, which exceeds the recommended dietary allowance. Park et al. 15 reported that workers who ate lunch at a workplace cafeteria daily consumed about 8-10 g of salt at one meal. The main sources of sodium in the Korean diet 16, 17 are kimchi (traditional Korean salt-fermented food), instant noodles, soups and stews that use salt-fermented soybean paste, and cooked rice. This pattern differs from that of western countries in which the main source of sodium is processed foods. For example, kimchi is a traditional Korean side dish that consists of vegetables pickled in salt and red pepper paste. In Korea, B19.6% of sodium intake comes from kimchi, which is usually served at every meal of the day. 18 Therefore, having less salty food is as important as reducing energy intake for preventing obesity in Koreans.
We used food weight (g) to calculate sodium density instead of energy intake (Kcal). This calculation was derived from the fact that Korean food has more water than that of western food. For example, 'gook', a Korean-style watery soup, is always provided during Korean-style meals. It has fewer calories than western foods owing to the larger amount of water and sodium. Therefore, if we used calorie intake to calculate sodium density in our analyses we might overestimate saltiness (expressed by sodium density). To avoid this bias, we used food weight (g) as the denominator in the sodium-density calculation. Additionally, we attempted analyses using energy intake instead of food weight and found similar results (data not shown). However, the magnitude of the association was somewhat attenuated. In conclusion, sodium density was associated with obesity and central obesity in children and adults regardless of energy intake or definition.
Conflicting results 6, 19 suggest that higher soft-drink consumption could be a causal link between salt intake and obesity. If increased thirst derived from foods with high salt contents is quenched by sugar-containing beverages, high sodium may also indirectly cause weight gain. 6, 19 In an analysis from the National Diet and Nutrition Survey in Great Britain by He et al. 19 each additional gram of daily salt consumed was associated with the daily consumption of 27 g of soft drink. However, The DONALD study showed that sugar-containing beverages do not influence the association between sodium excretion and body weight status. In the present study, we could not find a significant association between the frequency of soft-drink intake and energy intake (Kcal/day) in Koreans (correlation coefficient ¼ 0.015, P ¼ 0.4307).
Another possible explanation for the adipogenic effects of dietary sodium is that a high-sodium consumer might have an overall unhealthy lifestyle. In our analyses, the adult group in the highest quintile of dietary sodium density contained more current smokers than the lowest quintile; however, daily alcohol intake and daily physical activity were not different across sodium density groups (data not shown). To test this hypothesis, we adjusted these potential confounders in our multiple logistic analyses (Table 2) , but failed to demonstrate this indirect effect. Instead, we found that sodium density was associated with obesity and central obesity independent of these unhealthy lifestyles.
A limitation of our study was that we could not confirm the temporal causal relationship between sodium intake and obesity owing to the cross-sectional design. However, the findings can be generalised to the Korean general population as the study participants were a representative population-based sample of Koreans. Another limitation was that we could not analyse data of 24-h-urinarysodium excretion. Direct measurements of urinary sodium excretion might be more appropriate to evaluate the effect of dietary sodium intake on body weight than data from 24-h-dietary recall. However, the use of urinary sodium excretion could create some bias for the association between obesity and sodium intake, as obese subjects are more salt sensitive than lean subjects, and urinary sodium excretion could be underestimated in a lean subject.
Another issue to be discussed is that how accurate sodium intake measured by the 24-h-dietary recall reflect real amount of sodium. For more accurate measure in the KNHANES, trained dietary nutritionists visit the subjects' home and conduct direct face-to-face interview with a standard set of measuring guides to help the respondent report the volume and dimensions of the food items consumed. The amount of the seasonings used during cooking and meals were measured using standardized measuring spoons provided by the KNHANES. The participants were requested to use this spoon and the nutritionist measured it. Although this modified 24-h-recall method could improve its accuracy, there was no validation study on this. Until now, there were several small validation studies measuring 24-h-urinary sodium excretion to investigate the accuracy of dietary sodium intake from 24-h-recall or FFQ, but the results were inconsistent. 17, [20] [21] [22] [23] This inconsistency may be explained by the only one measurement of 24-h-urinary sodium excretion. As within-person variability in sodium excretion may be as high as 30%, 24 the validation study using multiple 24-h-measurements can be a more accurate method in increasing precision. Further validation studies Abbreviation: CI, confidence interval. Obesity was defined as having a BMI X95th percentile for age and sex or X25 kg/m 2 , and abdominal obesity as waist circumference X90th percentile for age and sex. 4 , and X300 Â 10 4 won), total weekly physical activity (MET/week) and total daily energy intake (kcal/day). Model II; same as Model I plus energy density instead of total daily energy intake (kcal/day). Abbreviation: CI, confidence interval. Obesity was defined as BMIX25 kg/m 2 and abdominal obesity as waist circumference X90 cm for men or X85 cm for women.
a Model I: adjusted for age (continuous), sex, sleep duration (5 h or less, 6, 7, 8, and 9 h) smoking status (current smoker, ex-smoker, and never smoker), daily alcohol intake (g/day), total weekly physical activity (MET/week), education level (elementary school graduate or less, middle school graduate, high school graduate, college graduate, and university graduate or higher), and total daily energy intake (kcal/day). Model II; same as Model I plus energy density instead of total daily energy intake (kcal/day).
using this mehod will elucidate an association of a 24-h-recall or FFQ with a urinary sodium excretion.
One of the strengths of this study was that the anthropometric data were obtained from direct measurements. Furthermore, our study is the first to verify the positive and independent association between sodium density, obesity and abdominal obesity.
Our results provide important evidence that high sodium intake may be a potential risk factor for weight gain independent of calorie intake. A reduction in salt intake should be considered to reduce obesity prevalence and related cardiovascular disease.
